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Abstract. Sun–sky radiometers are instruments created for
aerosol study, but they can measure in the water vapour
absorption band allowing the estimation of columnar wa-
ter vapour in clear sky simultaneously with aerosol charac-
teristics, with high temporal resolution. A new methodol-
ogy is presented for estimating calibration parameters (i.e.
characteristic parameters of the atmospheric transmittance
and solar calibration constant) directly from the sun–sky ra-
diometer measurements. The methodology is based on the
hypothesis that characteristic parameters of the atmospheric
transmittance are dependent on vertical proﬁles of pressure,
temperature and moisture occurring at each site of measure-
ment. To obtain the parameters from the proposed method-
ology some seasonal independent measurements of colum-
nar water vapour taken over a large range of solar zenith
angle simultaneously with the sun–sky radiometer measure-
ments, are needed. In this work high time resolution colum-
nar water vapour measurements by GPS were used as in-
dependent data set, but also the case when such measure-
ments are not available was considered by developing the
surface humidity method (SHM). This methodology makes
it possible to retrieve the needed independent data set of
columnar water vapour using the standard surface meteoro-
logical observations (temperature, pressure and relative hu-
midity) more readily available. The time pattern of columnar
water vapour from sun–sky radiometer retrieved using both
the methodologies was compared with simultaneous mea-
surements from microwave radiometer, radiosondings and
GPS. Water vapour from sun–sky radiometer, obtained us-
ing GPS independent measurements, was characterized by
an error varying from 1% up to 5%, whereas water vapour
from SHM showed an error from 1% up to 11%, depend-
ing on the local columnar water occurring at the site dur-
ing the year. These errors were estimated by comparing wa-
ter vapour series from sun–sky radiometer against measure-
ments taken by GPS at a nearby station. The accordance be-
tween retrievals from sun–sky radiometer and simultaneous
measurements from the other instruments was found always
within the error both in the case of SHM and of the GPS
independent data set.
Water vapour obtained using characteristic parameters of
the atmospheric transmittance dependent on water vapour
was also compared against GPS retrievals, showing a clear
improvement with respect to the case when these parameters
are kept ﬁxed.
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1 Introduction
Water vapour columnar content is an important parameter to
be estimated since it is a greenhouse component affecting
the earth’s climate. Many techniques have been developed
for measuring the water vapour amount – from satellite re-
mote sensing, in the visible, infrared or microwave spectral
regions, from ground based remote sensing, i.e. GPS, sun-
photometers, microwave radiometers, or from radiosondings.
Sun–sky radiometers are instruments designed for aerosol
study, and many of them can also measure in the water
vapour absorption band, allowing estimation of the colum-
nar water vapour in clear sky condition, simultaneously with
aerosol characteristics, with high temporal resolution up to a
few minutes. Despite the limits of the sunphotometry tech-
nique related to clear sky daytime conditions, the high tem-
poral sampling and the wide distribution of these instru-
ments all over the world make the development of method-
ologies for retrieving columnar water from sun–sky radiome-
ters of great interest. The most important problem in us-
ing these instruments is the estimation of the solar calibra-
tion constant and of the a and b parameters characteriz-
ing the atmospheric transmittance in the water vapour band:
T = e−a(mW)b
(Bruegge et al., 1992), where m is the optical
air mass and W is the columnar water vapour content. Some
methods for estimation of W from sun–sky radiometers have
already been developed (Halthore et al., 1997; Alexandrov et
al., 2009; Schmid et al., 2001). They are mainly based on the
combined use of a radiative transfer code to determine the a
and b parameters and of Langley plot techniques for estima-
tion of the solar calibration constant. Within the AERONET
sun–sky radiometer network (Holben et al., 1998) a method-
ology for estimating W from the solar irradiance measured
at wavelength of 940nm has already been implemented. The
algorithm of Holben et al. is based on a use of a radiative
transfer code (Smirnov et al., 2004) for computing T as a
function of W and then estimating a and b parameters from a
curve-ﬁtting procedure. The solar calibration constant is de-
termined by a modiﬁed Langley plot calibration performed
at Mauna Loa Observatory (3400ma.s.l). The uncertainty of
its retrieval was found to be 10 times greater than for the
other wavelengths in the visible region, varying from 3%
to 5% (T. Eck, personal communication, 2009). A problem
connected with these methodologies is that only one pair of
(a,b) parameters is used for each kind of 940 nm interfer-
ence ﬁlter, neglecting the dependence of T on the vertical
proﬁle of temperature, pressure and moisture at the various
sites. This method is convenient for a network consisting of
several instruments, but its accuracy needs more investiga-
tion.
Campanelli et al. (2010) presented a new methodology for
estimating a and b parameters directly from the measure-
ments themselves, not relying on any radiative transfer cal-
culation and therefore reducing simulation errors and poten-
tially containing information on seasonal changes in vertical
proﬁles of temperature, air pressure and moisture occurring
at each measurement site. To retrieve the calibration con-
stants from the proposed methodology some seasonal inde-
pendent measurements of W (such those by radiosondes, mi-
crowave radiometers or GPS receivers) taken over a large
range of solar zenith angle simultaneously with the sun–sky
radiometer measurements are needed. In the previous paper
(Campanelli et al., 2010) data of radiosondes were used for
retrieving calibration constants only in summer, but times
when such independent measurements are not available were
also considered. For the latter cases, the surface humidity
method (SHM) was developed, allowing the application of
the procedure using W estimated by only measurements of
surface temperature, pressure and relative humidity.
In the present paper we will improve and elaborate on
several points left open in the previous paper: the study of
a,b variation as a function of columnar water vapour amount
by applying the methodology to an entire year data set; the
estimation of a and b retrieval errors using a Monte Carlo
method; the development of a preliminary check on the qual-
ity of both sun–sky radiometer and the independent water
vapour data sets; the retrieval of calibration constants using,
as independent data set, the high temporal resolution water
vapour measurements from GPS receivers; the validation of
the SHM examining in detail the accuracy, problems and util-
ity of this methodology. Results will be compared against
measurements taken by a microwave radiometer, radioson-
des and GPS receivers.
2 Equipment
The present methodology was applied to measurements per-
formed during 2007 at the Chiba University (140.124◦ E
35.622◦ N, 34km SE from Tokyo, Fig. 1) by the Center
for Environmental Remote Sensing, Chiba University, Japan.
A PREDE sun–sky radiometer model POM 02, part of
the Skynet network (Takamura and Nakajima, 2004; http://
atmos.cr.chiba-u.ac.jp/), was used. This instrument is a scan-
ning spectral radiometer taking measurements of solar di-
rect and diffuse irradiance every 5min at several wavelengths
in the visible and near-infrared regions (340nm, 380nm,
400nm, 500nm, 870nm, 940nm, 1020nm) appropriately
chosen for aerosol study and therefore clear from gas ab-
sorption. Measurements of direct solar irradiance taken at
940nm are used for estimating the columnar water vapour
content in clear sky conditions. Ancillary co-located mea-
surements of pressure and relative humidity, needed for the
application of the SHM, were provided by the Japan Meteo-
rological Agency.
Columnar water vapour estimation from two GPS re-
ceiver stations (Shoji, 2013), provided by the Meteorolog-
ical Research Institute of Ibaraki, Japan, were considered:
no. 950225 (called GPS1 from now on) located at Chiba-
Hanamigawa (140.048◦ E, 35.657◦ N, alt. 8.284m) about
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Fig. 1. Geographical position of the Chiba station in Japan.
19kmW from Chiba University, and no. 93025 (called
GPS2 from now on) located in Chiba-Midori (140.186◦ E,
35.544◦ N, alt: 50.346m) about 10km SW from Chiba Uni-
versity.
Measurements taken from a microwave radiometer
(MWR) and from radiosondings (RDS) were also con-
sidered. The former (co-located with the above-mentioned
instruments) is a Radiometrix WVR-1100 portable water
vapour passive radiometer measuring microwave radiation
from the sky at 23.8GHz and 31.4GHz. These two fre-
quencies allow the simultaneous determination of integrated
liquid water and integrated water vapour along a selected
path. In the case of water vapour and liquid water, the at-
mosphere is rather translucent in the vicinity of the 22.2GHz
water vapour resonance line, and total integrated water, wa-
ter vapour and phase path delay can be derived thanks to their
linear dependence on the atmospheric opacity at the measur-
ing wavelengths. The coefﬁcients of these linear equations
are determined from the bilinear regression of water vapour
and inferred liquid water data derived from radiosonde ob-
servations.
Radiosonde measurements were extracted from the Inte-
grated Global Radiosonde Archive (IGRA, http://www.ncdc.
noaa.gov/oa/climate/igra/) which contains quality controlled
radiosonde and pilot balloon observations from over 1500
globally distributed stations (Durre et al., 2006). The sta-
tion closest to Chiba is Tateno (140.13◦ E, 36.05◦ N), in the
prefecture of Ibaraki about 46kmN from Chiba. The infor-
mation and sampling of the radiosondings contained in the
IGRA archive are, in the majority of the cases, the ones orig-
inally sent to the Global Telecommunication System (GTS)
of the World Meteorological Organization (WMO). The re-
ported variables, in the IGRA data set, are pressure (Pa),
geopotential height (m), air temperature (◦C), dew point
depression(DPD)(◦C),winddirection(◦)andspeed(ms−1).
Air temperature and DPD are reported with a 0.1 ◦C numeri-
cal discretization. Quality assurance ﬂags are given for each
pressure, geopotential height and temperature value, indicat-
ing whether the corresponding value was checked by pro-
cedures based on climatological means and standard devia-
tions. Concerning the vertical sampling in the reported pro-
ﬁle, in accordance with WMO guidance, radiosondes should
report standard pressure levels (1000, 925, 850, 700, 500,
400, 300, 250, 200, 150, 100, 70, 50, and 10hPa), surface,
tropopause and signiﬁcant thermodynamic and wind levels
(WMO, 1986, 1995). Radiosonde estimates of the total pre-
cipitable water vapour are obtained by computing the spe-
ciﬁc humidity for each level, having valid temperature, pres-
sure and DPD measurements, and then integrating numeri-
cally the speciﬁc humidity over the vertical using a pressure-
weighted numerical integration scheme.
3 Methodology
The direct solar irradiance measurement V (mA) taken by
the sun–sky radiometer at the 940nm wavelength in clear
sky condition is related to the solar calibration constant V0
(extra-terrestrialcurrentmA)atthesamewavelengththrough
the following expression:
V = V0e−m(τa+τR)e−a(mW)b
, (1)
where (i) m is the relative optical air mass (Kasten and
Young, 1989) function of the solar zenith angle, (ii) τa and
τR are the aerosol extinction optical thicknesses and molec-
ular Rayleigh scattering at 940nm, respectively, and (iii)
T = e−a(mW)b
is the water vapour partial atmospheric trans-
mittance at 940nm as a function of m and W, with a and b
constants (Bruegge et al., 1992). Once a and b have been de-
termined, V0 can be estimated, and W can subsequently be
calculated.
Equation (1) can be also written in the form
y = lnV0 −ax, (2a)
with

y = lnV +m(τa +τR)
x = (mW)b.
(2b)
The aerosol optical thickness τa is estimated at wavelength
λ = 940nm, according to the well-known Ångström formula
τa(λ) = β λ−α, (3)
where wavelength λ is measured in µm, α is the so-called
Ångström exponent, and β is the atmospheric turbidity pa-
rameter.Parametersα andβ aredeterminedbytheregression
from Eq. (3) where the spectral series of τa are retrieved by
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the sun–sky radiometer measurements taken at the other vis-
ible and near-infrared wavelengths 400, 500, 675, 870, and
1020nm.
In order to ﬁnd the most appropriate pair of values (a,b),
the following steps are performed: (i) from Eq. (2b) x val-
ues are calculated for 30 different values of b from 0.4 to 0.7
with a step of 0.01 and each time the (x,y) squared corre-
lation coefﬁcient is calculated; then the maximization of the
(x,y) squared correlation coefﬁcient is used to determine the
best exponent b; (ii) once the optimal b exponent is retrieved,
the series of x values is computed and used in Eq. (2a) where
the regression line of y versus x allows the retrieval of the
coefﬁcients a and V0. This modiﬁed version of the Lang-
ley plot (called “ type-2 modiﬁed Langley”) is different from
the other modiﬁed Langley methods described by Halthore
et al. (1997) and Schmid et al. (2001) (called “ type-1 mod-
iﬁed Langley”). In fact whereas the latter determines V0 as
the intercept of the straight line obtained by ﬁtting y versus
the power term mb, in the former V0 is retrieved by plotting
y versus the product ax where x = (mW)b. This approach
largely improves the application of the Langley methods to
cases where the time patterns of W is not stable. In fact the
“ type-1 modiﬁed Langley” assumes that y only depends on
air mass, m, and that all points have the same W. When a
variability of W is recorded, the neglected dependence of y
on W causes a scatter of the points and introduces calibration
errors and large day-to-day changes in the retrieved calibra-
tion constants. Conversely “type-2 modiﬁed Langley” gives
evidence to the dependence of y on (mW) and the variability
of y is explained by the real variability of the product (mW),
providing a better retrieval of the intercept (lnV0) also when
the time pattern of precipitable water content is not stable. In
Fig. 2 type-1 and type-2 Langley plot methods were used to
retrieve V0 in two cases: stable (13 June 2007) and unstable
(12 June 2007) time patterns of W as measured at Chiba by
the microwave radiometer simultaneously to the sun–sky ra-
diometer. It is clear that using the type-2 method, the points
are less scattered especially in the case of a more unstable W
time pattern. In Table 1 the retrieved V0 values are shown.
The absolute difference between the V0 values retrieved by
the two methods from 12 to 13 June is only 1.8% if type-
2 is used, whereas it increases up to 4.1% when type-1 is
adopted, highlighting the better capability of type-2 in esti-
mating V0 during both stable and unstable W time periods.
Once parameters V0, a and b have been determined, the
values of precipitable water vapour content WP can be cal-
culated according to the equation
WP =
1
m
·

1
a
·(lnV0 −y)
 1
b
. (4)
With respect to the previous version published in Campanelli
et al. (2010), the procedure has been improved in two main
respects: the use of a Monte Carlo method for the evaluation
oferrorsaffectingthea andb retrievals,andthestudyoftheir
variation as a function of columnar water vapour amount by
applying the methodology to a data set for an entire year.
Concerning the ﬁrst aspect, the improvement consists of the
following.
1. A preliminary check on the quality of both sun–sky ra-
diometer and the independent water vapour data sets
(as described in Sect. 4) performed before the applica-
tion of the methodology.
2. Aftertheoptimalvaluesofa andb arefound,theresid-
ual standard deviation σRES is computed around the
optimal regression line.
3. A Monte Carlo approach is used to simulate 80 ﬁc-
titious bivariate samples of the pair of variables x1 =
m·W and y, each ﬁctitious sample sharing with the
true sample:
i. the number N of data available
ii. the lower and upper bounds of x1
iii. the noise around the ideal straight line.
More precisely, the x1 data are generated by sorting N ran-
dom values uniformly distributed between x1MIN and x1MAX,
while the y data are generated by the formula: y = lnV0 −
axb
1 +noise, where the a and b (and then ln(V0)) values are
the optimal values retrieved above for the given real sample,
while the noise is a Gaussian noise with standard deviation
coincident with σRES. Then for each of the 80 ﬁctitious sam-
ples a search of the optimal a and b values is carried out
using the same procedure followed to ﬁnd the actual optimal
values (i.e. by maximizing the determination coefﬁcient R2
of the regression line). In this way, a list of 80 pairs (a,b) are
retrieved. For each of these parameters it is then possible to
evaluate both the mean and the standard deviation. The coin-
cidence of the two means ¯ a and ¯ b with their respective ideal
values is a test for the goodness of the optimization proce-
dure. This coincidence has been successfully veriﬁed in all
our Monte Carlo simulations. Given that, the standard devi-
ation (that is the uncertainty associated with the above mean
values) appears to be the best estimate of standard error to as-
sociate with each of the actual optimal values aopt,bopt, and
therefore the best estimate of the uncertainty associated with
the entire procedure. This evaluation is an improvement with
respect to the estimation obtained using a simple propagation
error formula.
4. Optimal V0 is calculated by the linear ﬁt of Eq. (2a)
using the pair aopt,bopt. The error affecting V0 is ob-
tained by evaluating the standard error on the regres-
sion line intercept (ln(V0)) and then applying a simple
propagation error formula.
Regarding the second improvement, namely the study of a,b
variation as a function of columnar water vapour amount, it
Atmos. Meas. Tech., 7, 1075–1087, 2014 www.atmos-meas-tech.net/7/1075/2014/M. Campanelli et al.: Retrieval of characteristic parameters for water vapour transmittance 1079
Fig. 2. Water vapour time pattern and application of type-1 and type-2 modiﬁed Langley methods for stable (right) and unstable (left) water
vapour time pattern cases. A ﬁxed indicative value of b = 0.6 (as suggested by Halthore et al., 1997, for narrow band ﬁlters) has been
assumed.
Table 1. Retrieval of V0 for stable and unstable water vapour time
pattern cases, using type-1 and type-2 modiﬁed Langley methods.
V0 12 June 13 June % Diff
type-1 2.17×10−4 2.28×10−4 4.1%
type-2 2.23×10−4 2.19×10−4 −1.8%
is evident that since a,b are supposed to depend on verti-
cal proﬁles of temperature, air pressure and moisture their
“seasonal” estimation is incorrect, since seasons are only a
rough subdivision of the year, marked by changes in weather,
measurement environment and hours of daylight. Therefore
a,b were provided for several water vapour classes and their
number their thresholds will be described in Sect. 4.
Preliminary check of data set
Simultaneous measurements of sun–sky radiometer V and
independent data set W were selected for the application of
Eq. (2a) and (2b). All the estimations of W within 15min be-
fore and after measurements of signal V were taken, and all
the values of τA and τR within the same intervals were se-
lected and averaged over 30 min time intervals. The present
method was applied in the range of solar elevation angle
yielding m<8.
A preliminary check on the quality of each data set was
performed as follows.
1. Data corresponding to τa (940nm) >0.4 are rejected.
In the present study the cloud screening is performed by se-
lecting only measurements whose RMS deviation between
measured and reconstructed diffuse sky irradiance, in the
wavelengths devoted to aerosol study, is lower than 8%. This
criterion assured the rejection of cloud-contaminated direct
and diffuse irradiance measurements, but it could not ex-
clude the contamination of high and thin cirrus clouds. With
the maximum average value of τa (500nm) being about 0.6,
and considering the corresponding values of the Angstrom
exponent, it is likely that data having τa (940nm) >0.4 are
contaminated by clouds, and for this reason they must be re-
jected, even if some good data will probably be lost.
2. Data taken before 13:00 local time from October to
May were rejected.
During these months the behaviour of y vs. x appears very
often not linear, as shown in Fig. 3. In these cases two sepa-
ratebehaviourscanberecognized:generallyoneinthemorn-
ing and one in the afternoon. This is likely related to the fact
that in these months and at this time of day (conversely to
the summer season) more time is needed to break the sta-
ble conditions characterizing the low atmosphere after the
nocturnal cooling period. As a consequence, the vertical dis-
tribution of water vapour is anomalous with respect to the
proﬁles generally used in the development and/or initializa-
tion of retrieval methods (e.g. microwave radiometer, GPS,
SHM) and an error can be introduced in the estimation of
W. For these months we decided, as a ﬁrst approximation, to
select only measurements initiating from 13:00 local time in
order to reduce the problem to a linear behaviour.
3. A statistical selection was applied to discard outliers
withdeviationgreaterthan2σ fromtheregressionline.
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Fig. 3. Example of the application of type-2 modiﬁed Langley plot
during winter time. The x value is calculated for a ﬁxed indicative
b = 0.6 (as suggested by Halthore et al., 1997, for narrow band ﬁl-
ters).
4 Parameter estimation
Because a and b are supposed to depend on the vertical dis-
tribution of the columnar water vapour and then on its total
amount: (i) the entire yearly independent W data set was di-
vided in four classes: [0–10]mm; [10–20]mm; [20–40]mm;
[>40]mm; an overlap between classes of ±1mm was con-
sidered for the thresholds of each class; (ii) the procedure
was applied for each class with the aim of providing water
vapour dependent a and b. The choice of a larger interval
for the third class is strictly related to the need of having a
sufﬁciently large number of data points in the data set, com-
parable to or greater than the other three classes.
Two different independent W data sets were used for the
retrieval of calibration parameters: (i) W from GPS receivers,
(ii) W from SHM. The ﬁrst choice is motivated by the con-
sideration that GPS is able to provide the highest quality es-
timation of W, even if a small dependence on vertical proﬁle
of temperature and water vapour needs to be corrected by an
empiric relation generally retrieved from the local climatol-
ogy (Shoji, 2013; Ortiz et al., 2011; Bevis et al., 1992). How-
ever, it is not yet very common to ﬁnd GPS estimations close
to measurement sites, nor W from radiosondes taken over a
largerangeofsolarzenithangle,asinourcaseforTatenosta-
tion, where only one radiosonde launch is performed during
the daytime. In this case the SHM can be used.
MWR in Chiba and RDS in Tateno were used to validate
the results.
4.1 W from GPS as independent data set
As already stated in Sect. 3, two stations equipped with
GPS receivers are available close to Chiba University. A pre-
liminary comparison between their results (WGPS1, WGPS2)
showed a difference always below 1% for all the four classes
with the exception of the third class where it was found to be
2%. We decided to use WGPS2 as independent data set for
the application of the methodology, and WGPS1 to estimate
the error affecting the retrieval of water vapour from sun–sky
radiometer (WP).
4.2 W from SHM as independent data set
TheSHMconsistsinestimatingtheW datasetusingsurface-
levelobservationsofmoistureparametersthataremuchmore
common than those performed with RDS or MWR. Accord-
ing to Hay (1970) there is a linear dependence between pre-
cipitable water content (WSHM) and water vapour partial
pressure e0 [hPa] at the surface, expressed by
WSHM = c1e0 +c2, (5)
where the quantity e0 is calculated as the product of the sur-
face relative humidity f0 and the saturation water vapour
pressure E(T0) (hPa). The latter is calculated as a function of
surface temperature T0 (K) according to the following Low-
tran code formula (Kneizys et al., 1983):
E(T0) =
Ae(18.9766−14.9595A−2.4388A2)10−6
WmRT0 ×103 , (6)
where A = 273.15/T0, R = 8.314×107 is the gas constant
(ergK−1 mol−1) and Wm = 18.02 is the molecular weight of
water vapour (gmol−1). Estimation of coefﬁcients c1 and c2
can be found in the literature, from different daily or monthly
data sets and from varying numbers of measurements and
sites(forexampleHay,1970;Tuller,1977;Choudhury,1996;
Liu, 1986). WSHM, as deﬁned in Eq. (5), was estimated using
c1 and c2 coefﬁcients taken from Yamamoto et al. (1971).
They retrieved an empirical formula for the relation between
WSHM and e0 (Eq. 7) using aerological measurements taken
between 1950 and 1970 at several Japanese stations, during
clear sky conditions:
WSHM =



0.14·e0, for e0 ≤ 15 hPa
0.18·e0 −0.60, for 15 < e0 ≤ 25 hPa
0.23·e0 −1.85, for e0 > 25 hPa . (7)
The SHM is able to provide reliable estimation of precip-
itable water content when vertical humidity decreases as a
function of height in a nearly exponential proﬁle, but this
assumption does not always hold. Undoubtedly an error in
WSHM estimation can affect the validity of Eq. (2), but the
precipitable water content amount by sun-photometric ob-
servations (WP) can be derived accurately through Eq. (4),
unless a and b coefﬁcients are too far from reality, as will be
discussed in Sect. 6.
Calibration parameters a, b and V0 for each W class re-
trieved using both WGPS2 and WSHM are shown in Fig. 4 and
Table 2. In Fig. 5 plots of the type-2 modiﬁed Langley for
each of the four water vapour classes, in the case of WGPS2,
are shown.
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Fig. 4. Parameters a,b and V0 as estimated by the presented
methodology (black points), see Table 2. The grey circles refer to
the retrieval obtained by a ﬁtting procedure of a simulated transmit-
tance.
As expected, the uncertainty on the determination of a and
b parameters is greater for the case of SHM due probably to
the lower accuracy of WSHM estimation. However, in all the
classes for both use of WGPS2 and WSHM the uncertainty is
below 3% and 5% for b and below 9% and 14% for a.
Looking at the water vapour dependence of the a,b and
V0 parameters in Fig. 4, is particularly noticeable that their
behaviours are somehow connected since the increase of one
parameter is balanced by the decrease of another. This is due
to the fact that in the applied methodology of maximization
these variables are not calculated independently of one an-
other. This implies that the slight dependence of V0 on the
water vapour class is a ﬁctitious tendency, and therefore, at
the present stage, the retrieved V0 should be considered as
an effective calibration constant whose temporal variation
could not be related to a real instrumental drift. Neverthe-
less, its total uncertainty (estimated as the standard deviation
of the values divided by their mean) resulted to be about 6%
and 7% respectively when WGPS2 and WSHM are used, which
is slightly larger than the maximum uncertainty retrieved by
AERONET at Mauna Loa Observatory (5%).
A comparison between the two methodologies showed a
general good agreement of a and b values that are always
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Fig. 5. Type-2 modiﬁed Langley for each of the four water vapour
classes. Open circles are points discarded from the quality check
selection. W is from GPS2; b is the retrieved optimal value for each
class, see Table 2.
withintheestimated error, withtheexceptionof theﬁrstclass
where the SHM provides too low a value of b and conse-
quently too high a value of a.
The behaviour of b and a as function of W is nearly
parabolic with an opposite curvature. It is worthwhile recall-
ing that the parameter a is the absorption coefﬁcient of the
water vapour band within the range 930–950nm, weighted
by both spectral curves of interference ﬁlter transmission and
sensor responsivity, and that b is dependent on the intensity
of the band within the spectral interval covered by the sun–
sky radiometer ﬁlter centred at 940nm. The mutual correla-
tion between W, its vertical distribution and the temperature
vertical proﬁle can affect parameter a (because of the broad-
ening of the absorption line) as well as b.
We observe that the lowest and highest W classes have a
similar behaviour. Such boundary classes, conversely to the
other atmospheric situations, are characterized by a trapping
of W due to winter inversion (in the ﬁrst one) and by the oc-
currence of convection (in the fourth one), which favours the
development of a vertical structure having one well-mixed
layer at the bottom and a rapid decrease upward.
In order to test such hypothesis using the available ra-
diosonde vertical proﬁles, we introduced two indices to de-
scribe the W vertical distribution and having different sensi-
tivity to the shape of the distribution. One index (P50) is the
pressure P at which is found 50% of total W. The second
index is the pressure P weighted for the mixing ratio value
q, (PQ) as in Eq. (8):
PQ =
P
z=1,N
P(z)q(z)
P
z=1,N
q(z)
(hPa), (8)
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Table 2. Number of data points for each classes; optimal values of a,b and V0 for each water vapour class and their estimated errors;
estimated uncertainties of WP.
N. points a b V0 ×10−4 1a 1b 1V0 ×10−4 1WP %
Classes (SHM (SHM (SHM (SHM (SHM (SHM (SHM (SHM
(mm) GPS2) GPS2) GPS2) GPS2) GPS2) GPS2) GPS2) GPS2)
[0–10] 601 0.218 0.52 2.49 0.027 0.02 0.02 3
728 0.138 0.63 2.21 0.012 0.02 0.02 5
[10–20] 643 0.143 0.60 2.09 0.018 0.03 0.03 7
712 0.161 0.59 2.39 0.012 0.01 0.02 1
[20–40] 977 0.166 0.60 2.39 0.020 0.02 0.04 11
1210 0.165 0.59 2.44 0.009 0.01 0.01 2
[>40] 476 0.142 0.62 2.34 0.020 0.02 0.03 1
811 0.125 0.64 2.17 0.008 0.01 0.01 1
Fixed value 0.141 0.626 2.33
from simulation
Fig. 6. (P50 −PQ) quantity versus water vapour, averaged over the
four W classes.
where N is the number of vertical available measurement,
taken below 100hPa with the threshold that there are at least
16 vertical measurements to obtain a good quality radiosond-
ing.
The PQ index shows a greater sensitivity to the presence
of well-mixed layers with respect to the P50 index, being
able to discriminate (the total amount of W being equal)
whether water vapour is distributed within one layer or ho-
mogeneously along the entire vertical. In the former case PQ
assumes values lower than in the latter case. Consequently,
the analysis of the difference (P50 −PQ) will assume higher
values when the W vertical structure will be characterized
by one well-mixed layer at the bottom and a rapid decrease
upward. In Fig. 6 the quantity (P50 −PQ), averaged over the
same four W classes analysed in this study, is shown. It is ev-
ident that in the ﬁrst and fourth class the index has the same
behaviour, as happens for a and b in Fig. 4, validating our
hypothesis.
5 Water vapour estimation
Once the optimal parameters (a,b) and V0 are estimated for
each of the selected water vapour classes, a calibration table
of the site and of the instrument under study is constructed.
WP can be instantaneously calculated as in Eq. (4) using this
table, as soon as V (940nm) and τa (940nm) measurements
are performed. To retrieve the water vapour content, an it-
erative procedure has been set up as follows: (i) for each V
(940nm) and τa (940nm) measurement, WP is calculated us-
ing the set of four parameters; (ii) each of the four WP values
falls into one class of water vapour: when at least three of
them converge within the same class, the pertinent parame-
ters to be used for the current measurement are identiﬁed.
WP was calculated using the independent data sets from
both GPS (WP/GPS2) and SHM (WP/SHM) and the errors af-
fecting the retrievals (1WP %) were estimated by a compari-
son against WGPS1 . The calculated absolute median percent-
age difference (shown in Table 2) varies from 1% to 5% for
WP/GPS2 and from 1% to 11% for WP/SHM.
The comparison between WP/GPS2 and WP/SHM (Table 3),
showedaveryhightotalcorrelation(0.99),andamedianper-
centage difference varying from −0.4% (for the fourth class)
up to −9% (for the third class), although always within the
error 1WP/SHM. A general underestimation by WP/SHM is
observed. The most unexpected result is the small difference
between the two WP estimations in the ﬁrst class, where con-
versely the retrieved a,b parameters are very different. This
topic will be discussed more deeply in Sect. 6.
Before validating WP retrievals against MWR or RDS, we
checked the goodness of these former water vapour evalu-
ations with respect to GPS (speciﬁcally WGPS2, being clos-
est to Chiba University where the MWR is located), which,
as already stated, is actually the methodology providing the
highest quality estimation of W. Figures 7a and b show the
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Table 3. Correlation coefﬁcients and median difference among WP/SHM,WP/GPS2, WS, and measurements taken by GPS, microwave
radiometer and radiosondes.
R2 (Npoints) median difference (mm); median % diff
Classes (mm) WP/SHM,WRDS WP/SHM,WMWR WP/SHM,WGPS2 WP/SHM,WSFIX WP/SHM −WRDS WP/SHM −WMWR WP/SHM −WGPS2 WSFIX −WP/GPS1
WP/GPS2,WRDS WP/GPS2,WMWR WSFIX,WGPS2 WP/GPS2,WSFIX WP/GPS2 −WRDS WP/GPS2 −WMWR WP/SHM −WP/GPs1
WSFIX,WRDS WSFIX,WMWR WP/SHM,WP/GPS2 WSFIX −WRDS WSFIX −WMWR
[0–10] 0.69 (47) 0.59 (2477) 0.81 (2716) 0.97 (2716) −0.58; −9 −0.25; −3 0.16; 3 0.94; 15
0.64 (44) 0.51 (2182) 0.84 (2440) 0.99 (2421) −0.60; −7 0.10; 2 0.14; 3
0.64 (44) 0.56 (2201) 0.97 (2716) 0.03; 0.4 0.76;11
[10–20] 0.87 (20) 0.72 (2050) 0.77 (2026) 0.93 (2050) −0.25; −1 −1.34; −8 −0.84; −5 0.22; 2
0.85 (19) 0.79 (1967) 0.86 (2236) 0.99 (1967) −0.05; −0.3 −0.15; −1 −1.03; 7
0.86 (23) 0.85 (2259) 0.96 (2050) −0.04; −0.4 −0.07; −1
[20–40] 0.85 (15) 0.90 (1245) 0.86 (1225) 0.97 (1245) −2.87; −9 −2.89; −9 −2.79; −9 −1.21; 4
0.83 (15) 0.94 (1302) 0.91 (1349) 0.99 (1302) 0.28; 1 −0.19; −1 −3.28; −11
0.84 (17) 0.94 (1373) 0.99 (1302) −0.53; −2 −0.80; −2
[>40] 0.69 (8) 0.87 (582) 0.83 (582) 0.99 (582) −0.11; −0.2 0.53; 1 0.47;1 −1.81; 4
0.40 (10) 0.81 (676) 0.79 (591) 0.99 (676) −0.21; −0.4 0.57; 1 −0.37; −0.9
0.47 (9) 0.83 (591) 0.99 (582) −1.55; −3 −1.04; −2
All the classes 0.96 (79) 0.97 (5537) 0.98 (5752) 0.99 (5776) −0.65; −8 −1.09; −7 −0.35; −3 0.32; 3
0.97 (79) 0.99 (5537) 0.99 (5752) 0.99 (5776) −0.30; 2 −0.01; −0.1 −0.44; −3
0.97 (79) 0.99 (5537) 0.99 (5776) −0.04; −0.4 −0.16; −1
scatter plot of WGPS2 versus WRDS and WMWR, respectively.
The disagreement with radiosonding varies from 1% to 10%
(the higher value being for the ﬁrst W class) with a gen-
eral overestimation from RDS. Conversely, the comparison
with WMWR highlights a bias with respect to WGPS2, almost
constant for all the classes, and expressed by the linear re-
lationship WGPS2 = 0.99WMWR +3.34. We decided to cor-
rect MWR estimation by shifting WMWR values according
to this formula. After the correction the disagreement be-
tween WRDS and WMWR was found to vary from 1% to 19%
whereas the disagreement between WGPS2 and WMWR was
found to be within 1% to 6%, the higher value being for the
ﬁrst W class.
The validation of the proposed methodology was per-
formed by comparing WP/SHM against the corrected WMWR,
WRDS and WGPS2, whereas WP/GPS2 was compared only
against the former two. Simultaneous measurements within
±15min and ±1h respectively were selected. It must be
taken into account that only WRDS measurements taken at
09:00localtimecanbecomparedwithWP estimations.Scat-
ter plots of WP/GPS2 and WP/SHM versus WMWR, WRDS and
WGPS2 are shown in Fig. 7c–g and the corresponding correla-
tion coefﬁcients and median percentage differences are given
in Table 3.
WP/GPS2 and WP/SHM were found to be very well corre-
lated with both WMWR, WRDS and WGPS2 (total correlation
varying from 0.97 to 0.99). The median difference between
WP/GPS2 and WMWR showed a very good agreement always
within the percentageerror 1WP. The same resultsare found
for the comparison with WRDS, with the exception of the ﬁrst
class where a difference of −7% was found, with a slight un-
derestimation of WP/GPS2 with respect to WRDS (0.60mm).
The median difference between WP/SHM and WP/GPS2
showed a very good agreement always within 1WP/SHM.
The comparison with WMWR and WRDS highlighted an
a) b) 
c)  d) 
e)  f) 
g) 
 
Fig. 7. Scatter plots ofWGPS2 versus WRDS and WMWR (a), (b) and
of WP/GPS2 and WP/SHM versus WMWR, WRDS and WGPS2 (c)–
(g). Alternations of grey and black indicate the four water vapour
classes.
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underestimation by WP/SHM in the second W class
(−1.34mm) and in the ﬁrst W class (−0.50mm) respec-
tively. It is worth noting that for the third class the largest
disagreement was found (−9%) showing an underestimation
from WP/SHM of about 3mm, but this class is also character-
ized by the greatest 1WP (11%).
In order to validate and verify the improvements brought
by the principal assumption of the proposed methodology,
that is the dependence of a,b from water vapour amount, a
simulation of the transmittance was performed using a ra-
diative transfer code written by A. Uchiyama (unpublished
data). The code calculates the atmospheric transmittance us-
ing a correlated k distribution method with band width of
10nm, which is a good approximation for our study. The
data base of correlated k distribution was calculated based
on the HITRAN data base using a line-by-line code. The
code takes into account the curvature of the earth and the
refraction of solar path, and does not include aerosol and cir-
rus clouds. The ﬁlter response function of the PREDE POM
02 was sampled; six original atmospheric models from Mc-
Clatchey et al.’s (1972) (tropical, mid-latitude summer, mid-
latitude winter, subarctic summer, subarctic winter, US stan-
dard atmosphere 1962) and four modiﬁed proﬁles obtained
by reducing the column water vapour of one tenth, were used
to calculate the transmittance at 10 different hours in order to
simulate a large range of path length. 100 pairs of mW and
simulated transmittance (T = e−a(mW)b
) were obtained and
used to calculate by a ﬁtting procedure the following param-
eters: as = 0.141, bs = 0.626 (Table 2). V0 was calculated
using the Type-2 modiﬁed Langley applied to 5 days having
a smoothed water vapour diurnal time pattern and daily av-
erage values covering the range between 5 and 35mm. Their
mean value and standard deviation was performed to calcu-
late V0s = 2.33×10−4 (mA) with an uncertainty of 3.5%.
as, bs and the mean V0s value resulted to be comparable with
values provided by the SHM methodology in the class hav-
ing the highest water vapour content (Fig. 4). as, bs and V0s
were therefore used in Eq. (4) to estimate the columnar water
vapour Ws.
The improvement resulting from the hypothesis of a,b
pairs dependent on W with respect to the commonly used
assumption of ﬁxed a,b values was evaluated by comparing
both WS and WP/GPS2 (that is the best estimation obtained
from the proposed methodology) against water vapour mea-
sured by GPS, being the most accurate retrieval of W. For
this comparison WGPS1 was chosen. Results (Fig. 8) show
that in all the W classes the agreement with WGPS1 improves
when the hypothesis of variable a,b is assumed. This impor-
tant outcome validates the goodness of the proposed method-
ology and highlights the capability of the presented method-
ology of monitoring the time change of a and b values, dur-
ing years, on each site and then monitoring the instrumental
condition.
Fig. 8. Absolute median percentage difference between WP/GPS2
(black dots) and WS (white dots) versus WGPS1.
6 Discussion
Looking at the water vapour dependence of the a,b and V0
parameters in Fig. 4 it is noticeable that the b value for class
[0–10] (and therefore also a and V0) from SHM are too dif-
ferent (in particular too low) with respect to the value re-
trieved using WGPS2 as independent data set. Nevertheless,
WP/SHM and WP/GPS2 for this class are in good agreement
with a median difference of 3%. To explain this effect, a
study of the Jacobian elements from the derivative of Eq. (4)
for the coefﬁcients a and b has been performed. The analy-
sis showed that the Jacobian for the a coefﬁcient is approx-
imately three times the one for the b coefﬁcient, both being
negative. Therefore any sets of a and b coefﬁcients can in-
troduce the same error in WP determination, if the difference
between b values is up to −3 times the difference between a
values. When this rule is respected, two pairs of a and b can
provide exactly the same WP. In our case the difference be-
tween optimal b from SHM and b from GPS data set is about
−1.5 times the difference between the corresponding a val-
ues, and this explains the good accordance between WP/SHM
and WP/GPS2.
This analysis leads to the conclusion that there is a non-
unique solution in the application of the SHM, unless we
identify which vertical proﬁles of water vapour are able to
provide such low b values during winter time. The problem is
likely linked to the nonlinearity of y vs. x during this season,
and needs to be investigated in the future through simulation
studies.
The application of SHM requires the determination of the
coefﬁcients explaining the linearity between precipitable wa-
ter content and water vapour partial pressure. In the case un-
der study we used an empirical formula for the relation be-
tween W and e0 obtained from a climatologic study typical
of Japan, but this kind of study may not be always available
for every site. One solution to this problem could be deter-
mining the proper coefﬁcients in Eq. (7) by using already
existing historical data sets of W and e0 measured in prox-
imity of the site under study. If this is not possible, estimation
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of coefﬁcients c1 and c2 can be found in the literature, from
different daily or monthly data sets and from varying num-
bers of measurements and sites. With the aim of checking
the error introduced if inappropriate coefﬁcients are used for
the estimation of WSHM, the Choudhury (1996) formulation
was considered. Choudhury examined a data set consisting
of monthly mean values of W and e0 taken at 45 stations dis-
tributed over the entire planet, obtaining the average global
values of c1 = 1.70 and c2 = −0.1. The stations were far
from water surfaces, with negligible inﬂuences due to evapo-
ration and transport of humid air from marine regions, which
are conditions not respected at all in the site under exami-
nation. WSHM calculated by the Choudhury formulation was
used in Eqs. (2a) and (2b) to estimate the best a,b and V0 in
each water vapour class, and water vapour from the sun–sky
radiometer (WPC, where the subscript c stands for discrimi-
nation from the WP retrieved using the Yamamoto formula-
tion) was calculated using Eq. (4). Linear ﬁtting of the scatter
plot between WP and WPC (Fig. 9a) shows an intercept value
of −1.22 and a slope value of 0.92. This result indicates that
even though the application of SHM can affect the validity
of Eq. (2) when not completely appropriate parameters are
used for estimating WSHM, this inaccuracy introduces an er-
ror mostly consisting of a bias, positive in our case. This is
also conﬁrmed by the scatter plot of the (normalized) time
derivatives of the WP and WPC time series (1WP
1t and 1WPC
1t )
in Fig. 9b). In fact, the optimum agreement between the two
series shows that WP and WPC have the same temporal be-
haviour. Therefore, in the case when the absolute calibration
(in terms of a, b, V0) is not correct, information from the
relative values of WPC and its time derivatives can be ex-
tremely valuable, the temporal resolution of measurements
being high (generally between 5 to 10min). However, it is
strongly suggested not to use formulas of linearity between
W and e0 obtained for sites with characteristics completely
different from the place under study.
Before having columnar water vapour estimations, a new
user installing a sun–sky radiometer for the ﬁrst time must
build a statistically signiﬁcant data set for the proper calibra-
tion table of the site and the instrument under study showing
the water vapour dependence of the optimal parameters a,b
and V0. Time is needed to collect simultaneous measurement
of direct solar irradiance and pressure, temperature and rela-
tive humidity (in the case when the SHM method is used) or
otherindependentmeasurementsprovidedthattheycoverthe
entire range of variability of columnar water vapour typical
of the site under study. This gap could be ﬁlled at the begin-
ning of operations by using the method based on the simula-
tion of transmittance, and data can be later reprocessed once
the calibration table is available.
An innovative application of the presented procedure
could be the possibility of providing an estimation of water
vapour scale height using WP and the water vapour obtained
at the ground from pressure temperature and relative humid-
ity measurements, provided for example from the installation
0 10 20 30 40 50 60
0
10
20
30
40
50
60
WPC (mm)
W
P
 
(
m
m
)
2007
WP=0.92 WPC-1.22 
a)  b) 
Fig. 9. Scatter plots of WP versus water vapour obtained using the
Choudhury formulation, WPC (a) and their normalized time deriva-
tives (b).
of sensors on the head of the PREDE sun–sky radiometer. In
fact
WP = C
Z
W0e
− z
z0 dz, (9)
where W0 is the water vapour density at the earth’s surface,
z0 is the scale height (km) and C is a constant taking into
account the unit of measurement conversion. By inverting
Eq. (9) it is possible to determine z0 and therefore provide
a sort of vertical proﬁle from an instrument that typically re-
trieves only columnar properties.
7 Conclusions
A new methodology for determining columnar water vapour
from sun–sky radiometer measurements of direct solar irra-
diance at 940nm has been introduced, based on the hypothe-
sis that the calibration parameters characterizing the atmo-
spheric transmittance at this wavelength are dependent on
vertical proﬁles of temperature, air pressure and moisture oc-
curring at each measurement site. To obtain calibration pa-
rameters from the proposed methodology, some seasonal in-
dependent measurements of water vapour taken over a large
range of solar zenith angle, simultaneously with the sun–sky
radiometer measurements, are needed. In the present paper
we used two independent W data sets: one estimated from
GPS receivers and the other by the SHM, a cheap proce-
dure, easy to implement, which is able to retrieve columnar
W using measurements of surface temperature, pressure and
relative humidity. Several aspects were developed with re-
spect to the previous paper of Campanelli et al. (2010): the
dependence of calibration parameter (a,b) on columnar wa-
ter vapour amount for an entire year data set; the estimation
of a and b retrieval errors using a Monte Carlo method; the
goodness and weakness of the SHM, examining in detail the
accuracy, problems and utility of this methodology.
The behaviour of a and b parameters as function of W was
found to be nearly parabolic with an opposite curvature. The
lowest and highest W classes have similar behaviour proba-
bly because they are characterized by a W vertical structure
having a well-mixed layer at the bottom and a rapid decrease
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upward.This hypothesiswas conﬁrmedby theanalysis ofthe
available radiosonde measurements.
The WP obtained using GPS independent measurements,
WP/GPS2, was characterized by an error (1WP/GPS2) vary-
ing from 1% up to 5% whereas WP from SHM, WP/SHM,
showed an error (1WP/SHM ) from 1% up to 11%, depend-
ing on the W classes.
The yearly time pattern of WP retrieved using both the two
independent W data sets was compared against simultaneous
measurements taken by a microwave radiometer, MWR, ra-
diosonde, RDS and GPS receivers, showing a total correla-
tion varying from 0.97 up to 0.99.
The accordance between WP/GPS2 and both MWR and
RDS was found to be always within the error 1WP/GPS2,
with the exception of the ﬁrst class for RDS where a slight
underestimation by WP/GPS2 (0.6mm) was found. WP/SHM
showed a good agreement with GPS retrievals, always within
the uncertainty 1WP/SHM. The comparison of WP/SHM with
respect to MWR highlighted an underestimation by the SHM
inthesecondW class(−1.34mm),whereascomparisonwith
respect to RDS showed again an underestimation by the
SHM but in the ﬁrst W class (−0.59mm).
The improvement in the WP estimation brought about by
the assumption of a,b dependent on W was validated calcu-
lating water vapour (WS) by using the most common proce-
dure adopted for example by the AERONET network, that
consists in retrieving a and b parameters from a ﬁtting pro-
cedure of simulated transmittance versus the product mW.
WP/GPS2 and WS were compared against GPS retrievals and
results showed a clear improvement using the data set ob-
tained by the present methodology.
Despite the problems connected to the application of the
SHM (independency of the a,b and V0 retrievals, determi-
nation of the coefﬁcients explaining the linearity between W
and e0) WP/SHM was found to be in good agreement with the
product from different instruments. In the case when the ab-
solute calibration (in terms of a, b, V0) proved not to be cor-
rect, information from WP relative values and time deriva-
tives can be anyway extremely valuable.
We conclude that the simultaneous use of the simulation
method and the proposed methodology can be one solution
to make the water vapour product from the sun–sky radiome-
ter healthy, because the latter method can monitor the in-
strumental condition through estimation of the time change
of a and b values on each site. Moreover, the advantage of
having simultaneous measurements of aerosol characteristics
and water vapour columnar content with a high temporal res-
olution, and obtained by using only standard surface mete-
orological observation for calibrating the instrument, can be
of great interest to the scientiﬁc community. The present pro-
cedure will in the future be applied to the instruments that
are part of the SKYNET (Takamura and Nakajima, 2004;
http://atmos.cr.chiba-u.ac.jp/) and ESR (Campanelli et al.,
2012; http://www.euroskyrad.net/) networks on which web
page the open source software will be released. It will also
be tested against AERONET sun–sky radiometer measure-
ments in order to compare the two methodologies.
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